GJ 1214 is a nearby M dwarf star that hosts a transiting super-Earth-size planet, making this system an excellent target for atmospheric studies. Most studies find that the transmission spectrum of GJ 1214b is flat, which favors either a high mean molecular weight or cloudy/hazy hydrogen (H) rich atmosphere model. Photometry at short wavelengths (< 0.7 µm) and in the K-band can discriminate the most between these different atmosphere models for GJ 1214b, but current observations do not have sufficiently high precision. We present photometry of seven transits of GJ 1214b through a narrow K-band (2.141 µm) filter with the Wide Field Camera on the 3.8 m United Kingdom Infrared Telescope. Our photometric precision is typically 1.7×10
Introduction 7
To date, approximately 300 planets have been confirmed to transit their host star(s), 8 and the Kepler 1 mission has discovered over 3500 additional transiting planet candidates.
9
About 65 transiting planets (which have both a measured mass and radius) are considered 10 to be in either the "super-Earth" (1 R 2 R ⊕ ) or "mini-Neptune" (2 R 
50
The disagreement could be a result of the use of slightly different bandpasses combined with 51 telluric effects at the edges of the K passband, so a K-band filter that avoids the edges of the 52 bandpass could help resolve the disagreement between these observations and help determine 53 whether GJ 1214b has a high mean molecular weight atmosphere or a cloudy/hazy H-rich 54 atmosphere.
55
In one of the latest of many model analyses of the data, Howe & Burrows (2012) pre-56 sented a suite of atmosphere models for GJ 1214b. They ultimately selected five models 57 that they deemed to best fit the published data, with three models of a solar-abundance 58 atmosphere (two with hazes with different particle sizes and densities and one with a uni-
59
formly opaque cloud layer) and two of an atmosphere of 1% H 2 O and 99% N 2 plus either 60 haze or no haze. They ruled out several models including a H-rich atmosphere with no haze, (somewhat arbitrary) tholin haze layer having a particle size of 0.1 µm and extending over were extracted from the FITS header for each image. The telescope was intentionally de-109 focused to avoid saturation and to spread the stellar PSF over many pixels to minimize 110 error from an imperfect flat-field correction of the detector response. Due to the amount 111 of defocus, the telescope auto-guider was not able to function properly. As a result, a drift 112 of 45-52 pixels in the position of the target centroid occurred during the 2011 observations.
113
For the 2012 observations, the telescope operator routinely adjusted the guider to keep the 114 defocused guide star centered in the guider acquisition window. A centroid drift of less than 115 9 pixels was maintained during the 2012 observations.
116
We reduced all images using software written in GDL.
3 While all images taken with
117
WFCAM are processed through a pipeline operated by the Cambridge Astronomical Survey
118
Unit (CASU), we opted to process our images separately to ensure accurate calibration and
119
photometry that was as precise as possible. The procedures were illumination correction, 120 dark current correction, and flat fielding prior to performing circular aperture photometry,
121
sky subtraction, and finally a radial distortion correction.
122
The illumination correction rectified each image for residual systematics, which are most 12, 14, 16, 18 pixels (3.2, 4.0, 4.8, 5.6, 6.4, 7.2 arcsec). In our analysis we ultimately used 131 the aperture that gave the best photometric performance (Section 3.2). An annulus of 25 -132 30 pixels (10 -12 arcsec) was used for sky subtraction.
133
Finally, a radial distortion correction was applied to the sky-subtracted flux measured 134 within a given aperture to account for non-negligible field distortion in WFCAM, a result of 135 its extremely large FOV. Specifically, photometry of sources near the edge of the FOV have 136 a systematic error of up to 0.02 mag. We computed the corrected flux, F corr , from
where F is the sky-subtracted flux measured within a given aperture, k 3 is the coefficient to GJ 1214 and that do not appear to be intrinsically variable. We also used colors to select 147 dwarf stars over giants and that are as close as possible to GJ 1214 in spectral type.
148
We downloaded J, H, and K magnitudes from the 2MASS catalog (Skrutskie et al. WFCAM has four cameras, and there are gaps of 12.83 arcmin between the different cameras.
156
We selected reference stars from those shown in Figure 3 based on three different crite-
We then applied the constraint from Lépine & Gaidos (2011) to separate M dwarfs from 167 giants based on
We found that all stars in Figure 3 met 
226
The fixed parameters we used are given in Table 2 . The K-band limb darkening parameters 
229
In Figure 5 , we present the seven individual light curves. Figure 6 shows the combined 
Results

236
In Table 3 we present the best-fit radius ratio, mid-transit time, white noise, and red 237 noise measured for each individual transit. We also include the best-fit radius ratio based on 238 fitting all seven transits together. Since TAP fits for correlated (red) noise, the uncertainties 239 on the fitted parameters should be conservative. This was also pointed out by Teske et al.
240
(2013), who compared results from TAP with results from other light curve fitting software.
241
The correlated noise is discussed in further detail in Section 5.4.
242
We find that all transit times deviate from the predicted ephemeris (from Berta et al. likely due in part to the presence of mixed thin and thick clouds throughout the observations.
252
In Figure 8 , we present the results of our analysis along with other K-band measurements 253 of the radius ratio for GJ 1214b. We find that our best-fit radius ratio is consistent with 
H is the scale height of the atmosphere, defined as
k B is the Boltzmann constant, T is the atmospheric temperature, µ is the mean molec-307 ular weight of the atmosphere, and g is the planet's surface gravity. We assumed T = 500 308 K, and we set the reference planetary radius R 0 = 2.68 R ⊕ . We used H 2 -H 2 CIA opacities 
314
We then calculated the effective R p /R ⋆ versus wavelength, following a similar procedure 315 as in Howe & Burrows (2012) :
at λ ∼ 2.14 µm [from the 500 K 
321
Under the same conditions assumed above and using R ⋆ = 0.211 R ⊙ (Charbonneau et al.
322
2009), we calculated the radius ratio for temperatures of 400, 500, 600, 700, 800, 900, and 323 1000 K. We compared the observed radius ratios to the predicted radius ratios by calculating band data within measurement uncertainties, we still considered them to be unexplained 327 outliers and excluded them from the analysis (Section 5.1).
328
We find the 400 K model had the smallest χ 2 , while the 1000 K model yielded the largest 329 χ 2 . We show the 400 and 1000 K models in Figure 8 . As the temperature increases, the 330 scale height increases, leading to additional absorption and a larger apparent planet radius; 331 however, the features also become washed out at higher temperatures. We computed ∆χ 2
332
(relative to the minimum χ 2 at 400 K) and found that the deviation between the data and 333 models increases with increasing temperature. However, ∆χ 2 between the 400 and 1000
334
K models is only ∼ 0.72, since χ 2 is just 2−3 for all models. We conclude that from the 335 available data, we cannot exclude higher temperature atmospheres (T > 400 K) with any 336 confidence (p < 0.01).
337
Considering the capabilities of future missions like the James Webb Space Telescope
338
(JW ST ) for high precision infrared spectroscopy, the atmosphere models were compared to 339 both the real data (using the actual measurement uncertainties) as well as an artificial data 340 set, consisting of the actual measurements with reduced errors. We defined artificial errors 341 so that the median error over the K-band data = 1×10 
421
There is the possibility that spot-crossing events did occur in one or more of our observed 422 transits, but we simply cannot identify them by eye because they cause brightenings at or 423 below the level of our photometric precision. If we consider the red noise (Table 3) We also considered that the feature may instead be due to the planet passing over a 443 bright spot on the star, which would result in an increase in the transit depth, consistent 444 with our observations. However, the presence of a bright spot will also cause a decrease in 445 the unocculted transit depth. As illustrated in Figure 7 , the transit depths measured for here.
451
Assuming a circular spot with radius R spot , we estimated the size of such a spot based 452 on the duration of the spot crossing,
The transit duration (τ ) over two times larger than R p /R ⋆ ). We then computed how much the transit depth would 457 increase due to a bright spot (relative to the no spot case) from
This equation is applicable because our hypothetical spot is much larger than the planet.
459
The increase in the transit depth during the anomalous event relative to the depth prior to 
Instrumental Sources
472
Besides astrophysical systematics, we also considered the effect of instrumental system-473 atics such as a nonlinear detector on our measured radius ratios. The WFCAM detector is 474 linear to < 1% up to about 40,000 counts per pixel. 10 To ensure that we avoided the defined 475 non-linear regime, we measured the peak counts in the target and each reference star. We
476
found that all stars remained below ∼22,000 counts (per pixel) in all observations. However,
477
the possibility remains that lower non-linearity is present at lower counts (Section 2). To 
Here, F observed is the normalized flux ratio we measured for each reference star,
is what the ideal flux ratio should be in the absence of systematics (i.e. F actual ≡ 1), k is 482 defined as the variance coefficient, and F 2 observed is the variance of the observed flux ratio.
483
After deriving k for each reference star and for each night, we found that on most nights, the observations, since the stellar image was insufficiently defocused to avoid high counts.
489
We have no explanation as to why the sixth transit is potentially affected by non-linearity.
490
Given that the measured transit depth is consistent with those measured from the other 491 individual transits, we conclude that any low-level non-linearity that might be present and 492 a source of systematics has a minimal effect on our photometry. 
501
In the analyses described above, we held limb darkening coefficients and a/R * fixed.
502
This decision was based on the fact that GJ 1214b's transit duration is only 52 min and 503 the ingress/egress events last 6 min, compared to our cadence of ∼ 1 min. 15.410 ± 0.080, which differs from the fixed value by 5.5σ. Despite differences between some 518 of the fixed and fitted parameters, we find that for all models, the derived radius ratios are 519 consistent within 1σ. Specifically, the measured radius ratios for the three cases described (b) Conditions were mixed (thin/thick clouds), and an incorrect focus setting was used in the beginning of the observations (resulting in saturation), so the first part of the observations was discarded. See Section 3 for further details.
(c) Conditions were windy through the first half of the observations. 
